Introduction
Due to their rich phase behaviours in both bulk state and solution, polymers have been widely applied in templating the synthesis of nanoparticles (NPs) with various morphologies and directing the assembling of NPs into hierarchically ordered structures. [1] [2] [3] [4] [5] [6] [7] [8] [9] Polymers can covalently graft on the surface of NPs with high stability. The obtained hairy NPs show tuneable mechanic properties, better processability, and enhanced compatibility with organic media. [10] [11] [12] [13] [14] However, the complex synthesis and high cost of purification limit their applications. Non-covalent interactions, including van der Waals forces, hydrophobic interaction, hydrogen bonding, aromatic stacking and electrostatic interaction, have been employed as driving forces to assemble the polymer-NP complex structures. 3, [16] [17] [18] [19] [20] [21] [22] [23] This protocol is feasible from the aspect of synthesis and can build self-healing materials and smart materials that are responsive to external stimulus due to the dynamic nature of the non-covalent bonding. 9, 20 The search of appropriate polymers and NPs with required surface ligands is the key to this protocol. However, the rational design of non-covalently interacted NP/polymer systems is currently beyond our knowledge. A thorough understanding of the non-covalent interactions is critical to design the building blocks and tune the strength of the polymer template/NP interactions. Polyoxometalates (POMs) are a group of well-defined, nanoscaled molecular clusters composed of early transition metal centers and oxo ligands with tuneable morphologies and surface charge density. [24] [25] [26] Different from regular NPs, POMs are monodispersed in both solid state and solutions. [24] [25] [26] Their structures, including surface structures, are well defined and characterized at atomic level, providing model systems for the study of supramolecular assemblies of nano-scaled objects. [26] [27] [28] The surface of POMs is mainly composed of oxo, hydroxyl, and/or water ligands, providing access to the formation of hydrogen bonding. 27 The anionic feature of POMs facilitates the study of their electrostatic interaction with cationic molecules. 28 As specific examples, POM-organic hybrid materials have been designed to self-assemble into 1D structure via the formation of hydrogen bonding network. 27 Meanwhile, the interaction between anionic POMs and cationic surfactants or polymers leads to the formation of nanostructures with various morphologies. 28 Based on the charge interaction between poly(4-vinyl-N-methylpyridinium iodide), micelles and vesicles with tuneable sizes can be conveniently prepared. 29, 30 Therefore, using POMs as models to explore the effect of non-covalent interactions in polymer/NP co-assembly system is advantageous. Meanwhile, the applications of POMs have been significantly developed and broadened these years in the fields of catalysis, medicine, electronic memory devices and single molecular magnets. [31] [32] [33] [34] [35] The polymer-templated assembly of POMs protocol provides a rational way to extend their practical applications, e.g. high efficient heterogeneous catalysis and functional devices.
Herein, we reported the synthesis, structural characterization, and the formation mechanism of the core-shell NPs with polymer cores and close-packed POM shells. Poly(4-vinylpyridine) (P4VP) was used as the template materials to form complex with 5 POM clusters with different topologies and charge densities, respectively. The morphologies of obtained NPs complexes were studied by electron microscopy and scattering techniques while the noncovalent interaction between POMs and polymer were probed by vibration spectroscopy and scattering techniques.
Results and Discussion

Synthesis of POM-P4VP complex
The synthesis of POM-P4VP complex was convenient and straightforward by mixing the ethanol solutions of P4VP with the aqueous solutions of POMs (Figure 1a) . In a typical synthetic experiment, 0.5 mL solution of P4VP (M w = 60 KDa) in ethanol (2 mg/mL) was added drop-wisely to 10 mL aqueous solutions of POMs at different concentrations ( Figure 1 ). The resulted solutions were kept to open air and stirred for 1 day until ethanol evaporated. The solution turned to cloudy and formed precipitation when the molar ratio of POM/P4VP was below 5. Scanning electron microscopy (SEM) analysis of the precipitates showed they formed irregular aggregates in the mixture process ( Figure 2a ). When larger amount of POMs was introduced in the reaction, clear and stable solutions were obtained (molar ratio of POM/P4VP ≥ 5). P4VP, soluble in polar organic solvents, shows poor solubility in water and is considered as a hydrophobic polymer. Being similar to the formation of Pickering emulsion, water-soluble POMs can be used to stabilize P4VP in aqueous solutions to reduce the surface energy of P4VP in water, which eventually lead to the formation of thermodynamically stable solutions. A certain amount of POMs was required to fully protect the P4VP surface for high solubility and stability. The clear solution obtained after POM/P4VP complexation were investigated by dynamic light scattering (DLS) technique. The results showed the formation of large nanoparticles with narrow size distribution (see Figures S1 to S3 in ESI ‡ ‡ ‡ ‡). More importantly, as a general synthetic protocol, it was successfully applied to prepare stable POM/P4VP complex with 5 POM clusters with various sizes, including {SW} 36 
The structure of POM-P4VP complex
The clear solutions of POM/P4VP were further studied by transmission electron microscopy (TEM) to probe the structural details of the formed complex NPs. In a typical TEM study, spherical nanoparticles were observed in the samples prepared from the clear solutions of POM/P4VP mixtures. The average sizes of the nanoparticles measured from the TEM images were consistent with the corresponding the size information obtained from DLS studies ( Figure 2 , and Figures S2 to S8 in in ESI ‡ ‡ ‡ ‡). In a magnified TEM images of a typical nanoparticle with a contrast close to the surface shown in Fig. 2c suggesting a core-shell model for the obtained nanoparticles. POM clusters, enriched with heavy metal ions, showed darker contrast than the domain of P4VP in TEM micrograph of Fig. 2c . Therefore, the inner core in the core-shell model was assigned to P4VP, which was crowded by layers of POMs. To further confirm the model, energy-filtered TEM (EFTEM) was applied to map the distribution of Fe and Mo in {Mo 72 Fe 30 }/P4VP complex shown in Fig. 2e and 2f , respectively, by three-window method. The complexation of {Mo 72 Fe 30 }/P4VP was used herein for EFTEM based on the follow consideration: there were two types of heavy metal ions in this POM, providing two different resources for tracking the distribution of POMs. These results not only assured the credibility of EFTEM results, but also affirmed the stability of POMs during the complexation process. The bright circle means there are a lot more Fe and Mo on the surface, which imply that POM is the major composition of shell structures. (Figures 2d, e , and f). Because of more Mo ions than Fe ions in each POM cluster (Mo/Fe = 72/30) and higher energy loss of Fe L edge, the Fe mapping signal is a lot lower than Mo's.
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Please do not adjust margins Small angle X-ray scattering (SAXS) techniques, a powerful tool for characterization of nanostructure, were further utilized to explore the packing of POMs on the surface of P4VP cores. 41 The overall SAXS curve of the {SW}/P4VP complexation system showed the feature of poly-dispersed spheres with average sizes as ca. 60 nm (Figure 3a) . Three interaction peaks at 0.40, 0.71 and 0.80 Å -1
were observed at high Q range of the SAXS curve, indicating a hexagonal packing of {SW} on the surface of P4VP core with center to center inter-cluster distance as 1.80 nm (Figures 3a and b) . Similar structures have been observed for the other polymer-virus systems. 42 The diameter of {SW} was 1.50 nm, suggesting the close contact of {SW} during their aggregation process on the surface of P4VP core. Such ordered packing on the polymer core surface was a general feature shared by the other POM/P4VP complexation system. The interaction peaks were also observed in the scattering curves of {PW 12 }/P4VP and {Mo 72 Fe 30 }/P4VP complexes (Figure 3a ). Due to their sizes differences among {PW 12 } (1.0 nm), {SW} (1.5 nm), and {Mo 72 Fe 30 } (2.5 nm), the positions of their first interaction peaks shifted to low Q range, corresponding to the increasing of inter-POM distance ({Keg}/P4VP, 1.45 nm; {SW}/P4VP, 1.80 nm; {Mo 72 Fe 30 }/P4VP, 3.10 nm).
Driving force for POM/P4VP complexation
FT-IR techniques, as well as SAXS, were applied to probe the hydrogen bonding interactions between POMs and P4VP during their complexation process. Due to its well-defined hydrogen bond donor sites and corresponding well-studied vibration bands, the {Mo 72 Fe 30 } system is selected for FT-IR studies. 43 In our previous study, we demonstrated that H-bonding and hydrophobichydrophobic interaction are the driving forces for the protein/polymer co-assembly. 18, 44 According to our previous studies, P4PV is mostly deprotonated at a pH>5. For most of POM solutions we prepared for complex nanoparticle preparation, their pH are above 5. Therefore, the contribution from the charge interaction between POMs with protonated P4VP is not the major drive force for the complexation process. 44 Because of the hydrophilic property of the POMs, we believe the hydrogen bonding is the main driving force for the assembly of P4VP and POMs. 45, 46 Hydrogen bonding interactions between the pyridine groups of P4VP and the hydroxyl/water groups on POMs surface were confirmed by FT-IR spectroscopy ( (Figure 3a) . The overall particle size was observed to increase by analyzing the low Q range of the SAXS data, suggesting the disassembly of {Mo 72 Fe 30 }/P4VP complex (Figure 3a) . At high temperature, the hydrogen bonds between {Mo 72 Fe 30 } and P4VP were destroyed and the coassemblies stabilized by these hydrogen bonding were disassembled, leading to the size increasing and finally precipitation of P4VP. 5, 50 This is different from previous studies on the charge interaction between positive charged poly(4-vinyl-Nmethylpyridinium) Keggin type POMs. In this report, the hydrogen bonding interaction lead to the formation of core-shell nanoparticle while the charge interaction resulted in the formation of micelles and vesicles. 29, 30 Further Justify the core-shell character of the POM/P4VP complex NPs It is directly confirmed from the above structural analysis results that large NPs are formed in the complex aqueous solutions of POMs and P4VP with POMs close packed on the shells of NPs. The existence of P4VP in the final complex NPs is supported by the FT-IR results. The further justification that the cores of the complex NPs are made up of P4VP is mainly based on the hydrophobic nature of P4VP and the existence of hydrogen bonding between POMs and P4VP. In aqueous environment, the hydrophobicity of P4VP will drive the aggregation of P4VP to irregular precipitates. Therefore, to avoid contacting water, P4VP should be fully covered by hydrophilic POMs. Such process is energetically favored because of the multiple hydrogen bonding interaction between P4VP and POMs. It is, thus, natural to conject the core-shell picture of the P4VP-POM complex NPs.
Inter-POMs interactions on the surface polymer core
Most of POMs were highly negatively charged and repulsive with each other in solutions. In the aqueous solutions of POM/P4VP complex, POMs strongly interacted with each other with ordered packing on the surface of polymer core, which is similar to the packing of POMs on the surface of NPs. 51 The corresponding structure factors, sharp peaks, were observed in their SAXS data. With the addition of extra salt to the POM/P4VP complex solutions, the interaction peaks became sharper and shifted to high Q direction, suggesting the closer inter-POM distance in their ordered packing structures (Figure 5a ). The introduction of additional salts resulted in the screening of repulsion among these negative charged POM clusters. Therefore, the inter-POM distance became shorter. Light scattering and TEM studies on these POM/P4VP coreshell structure indicated that the sizes of complex particle increase with the additional salt ( Figure 5b and Figure S8 in ESI ‡ ‡ ‡ ‡). The curvature of the POM/P4VP core-shell complex was defined by the repulsive interaction among POMs in the shell structures. The screening effect weakened the repulsion and decreased the curvature, leading to an increase in particle size. 
Experimental Section
SAXS experiments
The complex solution was concentrated to ca. 1 mL using Macrosep Advance Centrifugal Device (10 K MWCO). The SAXS experiments of these concentrated solution were performed in capillary at 12-ID-B Please do not adjust margins
Please do not adjust margins and C beamline at the Advanced Photon Source of the Argonne National Laboratory. The sample to detector distance was about 2 m. A Pilatus detector (Dectris Ltd.) was used to acquire images with typical exposure times in the range of 0.1 s.
Conclusions
Nanoscale POM clusters strongly associate and stabilize with P4VP polymers in aqueous solutions and form core-shell structures. The core of P4VP interacted with hydroxyl/water sites on POM surface via hydrogen bonding, which driving the formation of core-shell NPs.
The size of the core-shell was defined by the electrostatic repulsion among POMs in the shell structures. The particle size was tunable upon the introduction of extra salts because of its screening effect to the repulsive interactions. Our POM/polymer complexation protocol provided a convenient way to prepare POM-based quasihomogeneous catalysts and bio-compatible materials. The test of catalytic efficiency and recyclability of these complex structures is currently undergoing in our lab.
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